15 N, N management, N recovery efficiency, N uptake, radish Abstract. Efficient nitrogen (N) fertilizer management is crucial for ensuring the maximum economic yield and reducing the risk of environmental pollution. The objective of this study was to determine the effect of N fertilizer management on root yield and N uptake of radish in southern China by using 15 N isotope tracing. A 2-year field experiment was conducted with three N rates (0, 60, and 120 kg N/ha) and two different application proportions, viz, A [50% at basal, 20% at 15 days after seeding (DAS), 30% at 30 DAS] and B (30% at basal, 20% at 15 DAS, 50% at 30 DAS) for each N rate, which were expressed as N 0 , N 60A , N 60B , N 120A , and N 120B , respectively. The results showed that root yields were significantly increased with N rates increasing from 0 to 120 kg N/ha. The root yields for N 120A and N 120B were 67.60 t · ha L1 and 72.50 t · ha L1 at harvest, 64.07% and 66.67% higher than those for the treatments of N 60A and N 60B , respectively. Mean radish recovery of N fertilizer ranged from 25.90% at N 120A to 32.60% at N 60B , and N fertilizer residual rate in the soil ranged from 11.50% at N 120A to 14.90% at N 60B . About 17.50% to 35.70% of total uptake of 15 N derived from basal fertilizer was absorbed at seeding stage. However, 61.87% to 80.18% of total uptake of 15 N derived from topdressing fertilizer absorbed at root expanding stage. Therefore, appropriate nitrogen application with increasing topdressing nitrogen amount could increase root yield of radish and the nitrogen recovery efficiency. Nitrogen fertilizer application recommended was 120 kg N/ha with 30% for basal, 20% for 15 DAS and 50% for 30 DAS in this study.
N derived from topdressing fertilizer absorbed at root expanding stage. Therefore, appropriate nitrogen application with increasing topdressing nitrogen amount could increase root yield of radish and the nitrogen recovery efficiency. Nitrogen fertilizer application recommended was 120 kg N/ha with 30% for basal, 20% for 15 DAS and 50% for 30 DAS in this study.
Efficient N fertilizer management is crucial for ensuring maximum economic production and improving N recovery efficiency (Guan et al., 2011; Zhang et al., 2013) . To increase root yield of the radish, excessive N fertilizers are applied in the radish production system in southern China. According to Yuan et al. (2014) , the optimal N application rate recommended in radish-producing area was 120 kg N/ha, but rates of 200-300 kg N/ha are common in southern China. Excessive N fertilizer application can pose potential adverse environmental and health concerns (Deng et al., 2012; Jing et al., 2007) such as groundwater pollution by NO 3 --N, NH 3 , and N 2 O volatilization into the atmosphere (Fan et al., 2010; Shi et al., 2010; Wang et al., 2011) . In addition, radish is nitrate accumulating vegetable crop. Increasing mineral nitrogen concentration in the soil resulted in increment of nitrates content in radish roots. Effective N management can reduce the cost of N-fertilizer inputs and minimize nitrate contamination and environmental pollution.
In southern China, farmers usually apply N fertilizer in two splits (as basal and topdressings) during the radish growth. However, N utilization efficiency is low all over the main radish producing areas, about 40% in China . This may be ascribed to inappropriate N nutrient managements, including overuse of N than their required amount and inappropriate time of N application. Proper N application timing and rates are critical for meeting plant needs and improving nitrogen utilization efficiency . Limaux et al. (1999) reported that the timing of fertilizer N applications has a significant effect on the uptake of fertilizer N and the resulting partitioning of added N between soil and plant. Improving fertilizer N use efficiency of radish may be not only reduce the negative impacts, but also increase the profitability of radish production and maintain soil fertility.
It has been documented that late application of N fertilizer could improve the efficiency of N fertilizer in other crops. Wopereis et al. (2002) reported the effect of optimal N fertilization rates and timing on dry matter accumulation, grain yield, and N recovery efficiency in rice. Yang et al. (2013) disclosed that first bloom application was the most important split for N absorption and yield formation comparatively and allocating more fertilizer N for late application from preplant application improved the benefit from fertilizer of the cotton. However, few studies have been conducted concerning N management practices for the radish. What are the difference in plant uptake of fertilizer N and root yield among the three splits of radish N application? The objectives of this study were to determine the effects of N fertilizer management on root yield in radish, and calculate N recovery efficiencies using 15 N-labeled fertilizer methods, as affected by splitting N application and two different N rates.
Materials and Methods

Experimental site
Field experiments were conducted in the field at the farm of Hubei Academy of Agricultural Science (31°29# N, 114°19 E#) in 2012 and 2013. The soil of the experimental area was a sandy loam. Soil collected from the upper 20 cm had a pH of 5.60, 31.59 g · kg -1 organic matter, 0.85 g · kg NH 4 + -N, 13.10 mg · kg -1 available Olsen-P, and 35.63 mg · kg -1 exchangeable K.
Experimental design and management
Main plot. The experiments were laid out in randomized complete block design with four replications in 2012 and 2013. There were three N treatments (0, 60, and 120 kg N/ha) and two different application proportions, viz, A (50% at basal, 20% at 15 d after seeding (DAS), 30% at 30 DAS) and B (30% at basal, 20% at 15 DAS, 50% at 30 DAS) for each N rate, which were expressed as N 0 , N 60A , N 60B , N 120A , and N 120B , respectively. Additional 60 kg · ha -1 of phosphorus (P 2 O 5 ), 120 kg · ha -1 of potassium (K 2 O) and 15 kg · ha -1 of borate (B) were also applied for the basal fertilizer application. The fertilizers used were calcium superphosphate (12% P 2 O 5 ), potash chloride (59% K 2 O) and borate (10%). Each plot had an area of 6 m · 6 m. The ridges between adjacent plots were 20-24 cm wide at the base and with height of 20 cm, which were covered with metal sheets. The metal was inserted into the soil plough layer to a depth of 30 cm to contain surface water within the plots and to isolate them hydrologically from adjacent plots.
A double-haploid radish variety, Xuedan 1 (Raphanus sativus L.), a predominant local white radish variety was provided by Hubei Academy of Agricultural Science, Wuhan, China. Radish seeds were sown at 0.50 cm deep on 8 Sept. 2012 and 10 Sept. 2013. After emergence, plants were thinned 10 d after sowing at a spacing of 20 cm · 30 cm. Root yield was hand-harvested 60 d after planting. Insects, diseases, and weeds were intensively controlled by using approved pesticides to avoid yield loss.
Microplot experiment. Microplots were designed in the main experimental plots. Each microplot had an area of 3 m · 3 m with the same plant spacing as the corresponding main plots. To avoid surface runoff and lateral contamination, the microplot was surrounded by 50 cm metal sheets inserted 30 cm deep in the soil. In 2012, all the microplots were only applied with labeled 15 N urea (Shanghai Chem-Industry Institute, China). In 2013, each microplot was divided into two parts evenly. Half of the microplots were applied with labeled 15 N urea as basal fertilizer with the same N rate as the corresponding main plots 1 d before sowing, and the remaining half of the microplots were applied with labeled 15 N urea as topdressing fertilizer with the same N rate as the corresponding main plots at 30 DAS. In the corresponding main plots, no labeled urea was applied with the same N rates during the radish growing stages on the same day. To achieve a uniform application of labeled N, fertilizer was applied around the plant 10 cm apart from the root after being dissolved in the same amount of water to ensure 0.40% (w/w) of fertilizer for the highest dosage. The application of P and K fertilizers and field management practices in the microplots were the same as the corresponding main plots.
Samplings and analyses
Soil and plants were sampled from each main and microplot on seeding, expanding, and harvest stages. Soil samples were collected from 0 to 20 cm depths from all main and microplots. Soil samples were air-dried and ground to pass through a 100-mesh screen for total N and 15 N isotope analysis according to the method of Martin et al. (1981) . Ten representative hills of the plants were sampled and separated into leaf blades and root. The dry weight was determined after oven-drying at 70°C to constant weight. Total N concentrations and 15 N abundance of dry matter and soil were determined after Kjeldahl's micromethod and isotope ratio using a ZHT-03 mass spectrometer (Beijing Analysis Instrument Factory, China). At maturity, 10 hills were taken to determine in each plot to measure the root yield.
Data analysis
The following percentage of fertilizer N parameters was calculated for each treatment (Pan et al., 2012; Song et al., 2014 (SAS Institute, 2003) and mean comparison between treatments was performed based on the least significant difference test at P = 0.05 level.
Results
Root yield of radish was significantly increased with increasing the N rates in 2012 and 2013 (Table 1 ). The highest yield was recorded for N 120B in 2012, while the lowest one was found under N 0 in 2013. Root yield of N 120B treatment was significantly higher than that of N 120A treatment, while no significant difference was observed between N 60A and N 60B in both years. There was significant difference in root length among different N rates. In 2012, the highest root length was 28.94 cm under N 120B , and the lowest one was 14.05 cm under N 0 . Root length generally increased with the applied N rates. Similarly, the same trend was found for root length in 2013. Apparent difference was found in root diameter and root dry weight between N 120A and N 120B . Leaf and root dry weights generally increased as total N rates increased in both years. However, there was no significant difference in root length and root diameter under N 60A and N 60B .
Total N accumulation by radish plant and the amount of Ndff and soil are presented in Table 2 . There was remarkable difference in total N accumulation among N application rates. The highest total N accumulation of 645.20 kg · ha -1 was recorded under N 120B , and the lowest of 104.4 kg · ha -1 under N 0 . No apparent difference was found for the different splitting of N application at the same N rate. However, significant difference was found for Ndff in plant at harvest in 2012. The highest N recovery of labeled fertilizer was 269.70 kg · ha -1 recorded under N 120B , whereas the lowest one was 0. Similar trend was found for Ndfs in plant. The ratios to total nitrogen accumulation were 32.20%, 39.20%, 39.10%, and 41.80% for the treatments of N 60A , N 60B , N 120A , and N 120B , respectively. There was an opposite trend in the percentage of soil N contribution to total plant N. The highest percentage of Ndfs was observed under N 60A , while the lowest for N 120B , which were 67.80% and 58.20%, respectively.
Basal and topdressing fertilizer are two important fertilizer sources for the growth of radish. Total amount of N application. Uptake of 15 N at seeding under N 60A and N 120A was significantly higher than those of N 60B and N 120B , respectively. The same trend was found for the leaves at the root expanding stage. However, there was opposite trend in the uptake of 15 N derived from basal fertilizer at harvest, when the amount taken from 50% application of the total fertilizer as basal was less than that taken from 30% of total fertilizer as basal. The amount of absorption, residual in the soil, and the loss of labeled nitrogen fertilizer in the radish plant-soil system are presented in 
Discussion
Nitrogen fertilizer management practices had significant effects on the root yield and its growth in radish. Delaying N application could apparently increase the root yield. The reason for higher root yield at N 120B was the increase in root length and root diameter at harvest (Table 1) . Our results coincided with the findings of Yuan et al. (2014) , who reported that increase of N application could enhance the root yield. The highest growth of plant in radish was recorded at the highest N rates (Srinivas and Naik, 1990) . Liao et al. (2009) revealed there were significantly positive and linear relationships between total N uptake and the fresh weight and dry weight of radish. Similar findings were also reported by Zhang et al. (2013) and Pan et al. (2012) for field grown rice, who found crop yield was affected not only by the rate but also by the time of N application.
This study found that higher N application rate could increase total N accumulation, and delaying nitrogen application increased total N accumulation and N recovery efficiency at the same N rate. Smaller amounts of 15 N derived from basal fertilizer were absorbed by radish at seeding stages, ranging from 17.50% to 35.70%. However, 61.87% to 80.18% of total uptake of 15 N derived from topdressing fertilizer absorbed at the root expanding stage. Similar trend was proved in other field crops that about 20% of total uptake of 15 N derived from basal fertilizer was absorbed by rice at the midtillering stage; however, 80% of 15 N uptake derived from topdressing fertilizer was taken up at the heading stage (Pan et al., 2012) . The poor N recovery efficiency of more fertilizer application at the early growing stage was maybe due to the roots of radish less developed, which can hardly take up more N applied at seeding stage. In addition, in early growing stage, more N losses by ammonia volatilization and leaching and a large amount of N applied unincorporated by the soil microorganisms before available to plants must be taken into account (Li et al., 2008; Lin et al., 2007) . The higher efficiency of high N applications shown in Table 5 may be due to greater concentration of fertilizer in the root area at higher 15 N rates, thus stimulating development of a larger and more effective root system for the recovery of soil N, rather than to the effect of mineralization-immobilization turnover suggested by Strong (1995) , due to which losses of labeled N through immobilization would be proportionately greater at lower 15 N fertilizer rates. Therefore, N fertilizer utilization efficiency should be improved by applying N at the right period when the plant requires it the most (Yang et al., 2013) .
The total N uptake is closed related to the amount of plant N derived from the soil. Limaux et al. (1999) reported that the timing of fertilizer N applications has a significant effect on the uptake of fertilizer N by the crop and the resulting partitioning of added N between soil and plant. This study found that the N uptake from indigenous soil N was decreased with the N applied rate. The amounts derived from soil fertilizer N uptake under N 120 treatment were lower than those of N 60 treatment. The contribution of unlabelled N ranged between 58.20% and 67.80%, while only 32.20% to 41.80% was derived from the 15 N-labeled fertilizer (Table  2 ). This result showed that most of total N uptake by radish was derived from indigenous soil N.
Increasing the synchronization between crop N demand and the available N supply to decrease the N residual rate in the soil is important for efficient N fertilizer management. In this study, higher N fertilizer rates increased the amount of residual N in the soil, and decreased the percentage of 15 N fertilizer residual in the soil (Table 5 ). This showed that the fertilizers contributed little to the total N absorbed by the plants and the most was derived from indigenous soil N. The amounts of unaccounted nitrogen might be lost mainly through leaching, denitrification and ammonia volatilization. The results showed that the amount of unaccounted 15 N at harvest derived from 30% of total fertilizer as basal dose was lower than that taken from 50% application of total fertilizer as basal. Splitting N application of 50% total fertilizer as basal might have stronger abilities to absorb the nutrients from water and soil, and reduced N loss and resulted in higher N uptake by radish. Therefore, based on yield and nitrogen recovery efficiency, it can be concluded that nitrogen fertilizer application recommended was 120 kg N/ha with 30% for basal, 20% for 15 DAS and 50% for 30 DAS in this study.
Conclusion
Root yields were significantly increased with N rates increasing from 0 to 120 kg N · ha -1
. Appropriate nitrogen application with increasing topdressing nitrogen amount could increase root yield of radish and the nitrogen recovery efficiency. Nitrogen fertilizer application recommended was 120 kg N/ha with 30% for basal, 20% for 15 DAS and 50% for 30 DAS in this study. The proper N application is not only critical for meeting plant needs, but also improving nitrogen utilization efficiency and minimizing environmental pollution.
